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In one-dimensional conductors, interactions result in cor-
related electronic systems. At low energy, a hallmark sig-
nature of the so-called Tomonaga-Luttinger liquids (TLL)
is the universal conductance curve predicted in presence of
an impurity. A seemingly different topic is the quantum
laws of electricity, when distinct quantum conductors are
assembled in a circuit. In particular, the conductances are
suppressed at low energy, a phenomenon called dynamical
Coulomb blockade (DCB). Here we investigate the conduct-
ance of mesoscopic circuits constituted by a short single-
channel quantum conductor in series with a resistance, and
demonstrate a proposed link to TLL physics. We refor-
mulate and establish experimentally a recently derived phe-
nomenological expression for the conductance using a wide
range of circuits, including carbon nanotube data obtained
elsewhere. By confronting both conductance data and phe-
nomenological expression with the universal TLL curve, we
demonstrate experimentally the predicted mapping between
DCB and the transport across a TLL with an impurity.
Despite a very large number of strongly interacting
electrons, the low-lying electronic excitations in conven-
tional bulk metals can be described as weakly interact-
ing Fermi quasiparticles, as attested by the remarkable
success of Landau’s Fermi liquid theory1. This picture
breaks down in one-dimensional (1D) conductors, where
interactions result in cooperative behaviors2. According
to the TLL theory2–6, the low-energy elementary excita-
tions in 1D are collective plasmon modes, markedly dif-
ferent from their constitutive individual electrons. This
gives rise to intriguing phenomena such as the separation
of spin and charge degrees of freedom into distinct ele-
mentary excitations propagating at different velocities2;
or the charge fractionalization of an injected electron7.
Experimentally, indications of TLL physics were ob-
served in such 1D systems as nanotubes8,9, quantum
wires10,11, and chains of spins12,13 or atoms14. In addi-
tion, this physics is applicable to other many-body phe-
nomena including the fractional quantum Hall effect15–17,
the quantum noise in 1D Bose condensates18, and the
DCB19.
In the present work, we investigate experimentally the
DCB conductance suppression across a quantum coher-
ent conductor inserted in a dissipative circuit. This
quantum electrodynamics phenomenon, also called zero-
bias anomaly, is remarkably similar to a hallmark signa-
ture of the collective TLL physics, namely the low-energy
conductance suppression in the presence of an impurity
(see Ref. 20 for a review of TLL more focused on quantum
transport). In both situations, the conductance suppres-
sion originates from the granularity of charge transfers
across the quantum conductor (DCB) or the impurity
(TLL). Due to Coulomb interactions, this granularity
results in the possible excitation of collective electrical
degrees of freedom, which impedes the charge transfers
at low energy and therefore reduces the conductance.
These collective degrees of freedom are the electromag-
netic modes of the surrounding electrical circuit for the
DCB, and the plasmon modes for a TLL. In fact, it was
shown19 that the transport across a short single-channel
quantum conductor in series with a pure resistance R can
be mapped rigorously onto the transport across a TLL
with an impurity. Such circuits therefore provide power-
ful test-beds for the transport across TLL systems, with
many adjustable parameters including the crucial Lut-
tinger interaction coefficient2, given byK = 1/(1+Re2/h).
Inversely, as detailed below, the mapping toward a TLL
extends the theoretical understanding of DCB.
In order to understand the quantum laws governing
electrical transport in mesoscopic circuits composed of
distinct quantum components, it is imperative to address
the general case of the DCB for arbitrary quantum con-
ductors. This problem remains poorly understood ex-
cept in the important limit of low transmission coher-
ent conductors realized by tunnel junctions, which can
be handled in the theory as a small perturbation to the
circuit. For this class of coherent conductors embedded
in a linear circuit, extensive experimental and theoretical
studies have led to a good understanding21–30 (see Ref. 31
for a pedagogical review of the theory). The tunnel limit
was first overcome for relatively small conductance sup-
pressions and low impedance environments compared to
the resistance quantum Rq = h/e2 ≃ 25.8 kΩ. The strik-
ing prediction32,33 and observation34 are that the con-
ductance suppression is directly proportional to the amp-
litude of quantum shot noise. There has also been im-
portant progress in the understanding of the regime of
relatively strong conductance suppression, where the de-
viation to classical impedance composition laws are large
(see e.g. Refs 19,35–40). In particular, the mapping of
DCB to a TLL19 opens access to the strong DCB regime
for an arbitrary short single-channel quantum conductor
in series with a pure resistance of arbitrary value (see also
Refs 41,42 beyond the short conductor limit). Experi-
mentally, the strong DCB regime was recently explored
for circuit impedances comparable to Rq (R = 13 kΩ and
26 kΩ)43; and a generalized phenomenological expression
for the transmission of an arbitrary short single-channel
quantum conductor embedded in a linear circuit was de-
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2rived from the data (Eq. 1 in Ref. 43, see also Eq. 1 in
the present article).
Does this phenomenological expression have a deeper
significance? Here we show that the answer is affirm-
ative. Firstly, we recast Eq. 1 in Ref. 43 as a power-
ful phenomenological scaling law (Eq. 2) and demon-
strate experimentally that it applies to a very wide range
of surrounding circuits and single-channel quantum con-
ductors. It is shown to capture the DCB data obtained
for series resistances ranging from R = 6 kΩ to 80 kΩ,
and for different realizations of R (using both on-chip
chromium resistance or fully transmitted quantum chan-
nels). It is also shown to apply to a very different realiz-
ation of the single-channel quantum conductor from the
quantum point contacts in a Ga(Al)As two-dimensional
electron gas measured here and in Ref. 43. We demon-
strate that this phenomenological expression reproduces
quantitatively, essentially without fit parameters, the
measurements of Finkelstein and coworkers on a car-
bon nanotube resonant level embedded in a dissipative
circuit44,45. Secondly, the origin of the phenomenolo-
gical expression can be traced back to the TLL collective
physics. We establish this link by confronting the full
universal conductance scaling curve predicted for a TLL
in presence of an impurity46,47 to the corresponding phe-
nomenological scaling law for a pure series resistance R.
The agreement is exact at R = Rq, R ≪ Rq and, for ar-
bitrary values of R, in the limit of a small single-channel
transmission GRq ≪ 1. At intermediate values R ≠ Rq,
although relatively small deviations emerge, the proposed
phenomenological scaling law is found to provide a good
approximate expression for the conductance.
Remarkably, the predicted mapping DCB-TLL, here
extended theoretically to realistic situations in the pres-
ence of a high-frequency (e.g. capacitive) cutoff, is fur-
ther established by a direct comparison with the DCB
conductance data. We demonstrate, with R = Rq/4, a
strikingly close agreement, over a broad range of con-
ductances, with the corresponding TLL universal scaling
curve computed from the exact thermodynamic Bethe
ansatz solution46,47.
Results
Experimental principle. The studied quantum cir-
cuits realize a tunable single-channel quantum conductor
in series with an adjustable resistance. The suppression
of the quantum conductor’s conductance due to DCB is
extracted either by increasing the temperature or voltage
(exploiting the asymptotic vanishing of DCB), or by
short-circuiting the series resistance in-situ using an on-
chip field-effect switch. A quantum point contact (QPC)
of adjustable width is used as a test-bed to emulate any
short single-channel quantum conductor.
Experimental implementation. The nano-circuits
are tailored in a Ga(Al)As 2D electron gas and their
conductance G(V,T ) = ∂I(V,T )/∂V is measured at low
temperatures, in a dilution refrigerator, using standard
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Figure 1: Single electronic channel in a resistive environ-
ment. (a), Schematic circuit for the measured samples. The QPC
emulates any single-channel short quantum conductor, R is the on-
chip series resistance and C is the geometrical shunt capacitance.
Note that V and VDS are, respectively, the DC voltages across the
QPC and the whole circuit. (b), Colorized SEM micrograph of the
sample with a series resistance Rq/n realized by a second QPC fully
transmitting n channels. The 2D electron gas (blue) is separated in
two zones by the micron-sized ohmic contact (OC). Each zone com-
prises a QPC (yellow split-gates) and a short-circuit switch (blue
gate) that allows to divert to ground the quantum Hall edge chan-
nels (red lines, here at filling factor 2) returning from the central
ohmic contact. The black horizontal scale bar is 1 µm long. (c),
Colorized SEM micrograph of the sample with a series resistance
R = 6.3 kΩ realized by two parallel thin chromium wires visible at
the right of the ohmic contact (a similar implementation was used
for R = 80 kΩ). The black horizontal scale bar is 2 µm long.
low-frequency lock-in techniques. The samples are con-
stituted of three basic elements (see Fig. 1):
1) A single-channel quantum coherent conductor char-
acterized by its transmission probability fully adjustable
between 0 and 1. It is realized by a QPC formed by
field effect in the 2D electron gas using a capacitively
coupled metal split gate (at the bottom right in Fig. 1b,
colorized in yellow) biased at a negative voltage. The
presence of well-defined plateaus at integer multiples of
1/Rq in the QPC conductance G versus split gate voltage
ascertains that only one electronic quantum channel is
partially open at time, with a transmission probabil-
ity τ = RqG − n where n corresponds to the number of
fully open quantum channels. Note that in order to ob-
tain a single partially open channel, spin degeneracy was
broken with a large magnetic field perpendicular to the
2D electron gas that corresponds to the integer quantum
3Hall effect. Consequently, the electrical current propag-
ates along several chiral edge channels, shown as lines in
Fig. 1b with arrows indicating the propagation direction.
In most cases, only the outer edge channel is partially
reflected/transmitted at the studied QPC.
2) A dissipative environment characterized by a lin-
ear impedance Z(ω). It is realized by a resistance R,
made either from a thin chromium wire deposited at the
sample surface (R = 6.3 and 80 kΩ, see Fig. 1c) or from
a second QPC (see Fig. 1b) set to the center of a res-
istance plateau Rq/n (in this case the QPC emulates a
linear resistance unaffected by DCB36,39). This resist-
ance is in parallel with a small geometrical capacitance
C ≈ 2 fF. The studied QPC is connected to the series
resistance through a small ohmic contact (OC in Fig. 1).
The ohmic contact is necessary to establish a connection
between the surface chromium wires and the 2D electron
gas buried 85 nm below the surface. In the presence of
a series QPC, it also plays the crucial role of an electron
reservoir that separates the studied QPC and the series
QPC into two distinct quantum conductors.
3) An on-chip switch to turn off DCB. The studied
QPC can be isolated from the dissipative environment
by diverting toward grounded electrodes the chiral edge
channels that are returning from the small ohmic con-
tact. This turns off the DCB suppression of the QPC’s
conductance. In practice, it is realized using additional
metal gates close to the studied QPC (e.g. in Fig. 1b,
the gate SW1 is used to short-circuit the dissipative en-
vironment of QPC1). In the schematic representation
shown Fig. 1a, the switch is in parallel with the series
resistance: when DCB is turned off, the studied QPC
is directly voltage biased. Note that these extra gates
allow us to characterize separately the different circuit
elements, including the small ohmic contact.
Test of experimental procedure in the known tun-
nel junctions limit. The experimental procedure to
investigate DCB is tested by confronting the extracted
conductance suppression of the QPC, set to a low trans-
mission probability, with the known theoretical predic-
tions for tunnel junctions (see e.g. Ref. 31).
Figure 2 shows as symbols the measured QPC conduct-
ance versus DC voltage V for four different dissipative
environments: two ‘macroscopic’ on-chip chromium wires
(R = 6.3 kΩ and 80 kΩ) and two ‘mesoscopic’ series QPCs
set to a resistance plateau (R = Rq/2 and R = Rq/3). The
conductance calculated using the DCB theory for tun-
nel junctions31 is shown as continuous black lines. The
dissipative environment in the calculation is modeled by
the schematic R//C circuit shown Fig. 1a. Note that the
only adjustable parameter is here the QPC’s ‘intrinsic’
conductance G∞ in absence of DCB, which is approxim-
ately given by the measured conductance at the highest
applied voltages. The resistance R injected in the cal-
culation is measured directly on-chip, the capacitance C
corresponds to finite elements numerical simulations, and
the temperature T is set to that of the dilution fridge
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Figure 2: Conductance suppression of a tunnel quantum
channel in a resistive environment. Symbols: low temperature
conductance G(V,T ) = ∂I(V,T )/∂V versus QPC DC voltage nor-
malized by the temperature. Each panel corresponds to a QPC
in the tunnel regime (G∞ ≈ 0.1) in series with a different on-chip
resistance R. Continuous lines: prediction of the DCB theory for
tunnel junctions using the separately determined values of R, C
and T indicated in the panels.
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Figure 3: Conductance suppression of an arbitrary
quantum channel. The relative suppression of the measured
zero-bias QPC conductance G(V = 0, T ) with respect to ‘intrinsic’
quantum channel conductance G∞ is plotted as symbols versus G∞
(left panel) and G(V = 0, T ) (right panel) for four series resistances
R = 6.3 kΩ, Rq/3, Rq/2 and 80 kΩ. The straight dashed lines are
guides for the eye.
mixing chamber.
The good agreement in the tunnel regime between data
and theory validates our experimental approach. It also
shows that a QPC set to a well-defined resistance plateau
R = Rq/n mimics a ‘macroscopic’ linear resistance36,39.
4Conductance suppression of a single-channel
quantum conductor. Figure 3 shows as symbols the
relative suppression of the single-channel QPC conduct-
ance measured at zero DC voltage bias and low tem-
perature for the same four environments tested in the
tunnel regime. The quantum channel is characterized by
its ‘intrinsic’ conductance G∞, which is extracted by two
methods: we either assign G∞ to the conductance meas-
ured with the dissipative environment short-circuited us-
ing the switch, or to the conductance measured at a large
voltage bias where DCB corrections are small (see Sup-
plementary Note 1 for further details). The same data
are plotted in the left panel of Fig. 3 versus G∞, and
in the right panel versus the suppressed conductance
G(V = 0, T ). The non-linear dependence exhibited in the
left panel shows that the prediction derived in the weak
DCB framework, of a relative conductance suppression
proportional to (1−RqG∞) for a single channel32,33, does
not hold in the strong DCB regime. Instead, we observe
that the relative conductance suppression is proportional
to (1 −RqG(V = 0, T )) at our experimental accuracy, as
seen from the linear dependence exhibited in the right
panel of Fig. 3. This result is a remarkable corroboration
of the recent experimental finding in Ref. 43, extending
it to over more than one order of magnitude of the series
resistance.
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Figure 4: Direct test of derived scaling law. (a) Sym-
bols: the measured low temperature QPC transmissions (τ1,2 =
RqG(VDS1,DS2, T )) are recast as τ1/(1−τ1)τ2/(1−τ2) and plotted versus VDS1
for a fixed reference voltage VDS2 = 9kBT . For each of the three
series resistances R = Rq/2, Rq/3 and Rq/4 (corresponding datasets
are shifted vertically for clarity), the QPC are tuned over a broad
range of G∞, respectively [0.06,0.95]e2/h, [0.06,0.996]e2/h and[0.25,0.85]e2/h. Continuous lines: prediction of the phenomenolo-
gical scaling law Eq. 2 using the corresponding R and C = 2.0 fF.
(b), Symbols: zero-bias QPC conductance plotted versus temper-
ature for the sample of series resistance R = 6.3 kΩ, and with five
different tuning of the QPC yielding different G∞. Continuous
lines: Predictions of Eq. 2 calculated with R = 6.3 kΩ, C = 2.3 fF
and using T = 80 mK as the reference point.
Phenomenological expression and scaling law for
the conductance. The experimental observation of a
relative conductance suppression approximately propor-
tional to (1 −RqG) is highly non-trivial and has strong
implications.
As shown in Ref. 43 (see also Supplementary Note 2),
this finding implies a phenomenological expression for the
conductance G of a single channel embedded in a linear
environment characterized by the impedance Z(ω):
G(G∞, Z, VDS, T ) = G∞ 1 +EB(Z,VDS, T )
1 +RqG∞EB(Z,VDS, T ) , (1)
where EB ≡ limG∞→0 G−G∞G∞ is the relative conductance
suppression in the tunnel regime, that can be calculated
within the well-known DCB tunnel framework31. Note
that Eq. 1 applies to short channels for which the en-
ergy h/τdwell, associated with the electronic dwell time
τdwell, is larger than the other relevant energy scales (e.g.
eVDS, kBT , e
2/2C). Indeed, even in absence of DCB, the
conductance can change with the voltage and the tem-
perature on the typical energy scale h/τdwell (e.g. due to
quantum interferences within the conductor). Moreover,
a finite dwell time could result in a high-energy cutoff
for the excited electromagnetic modes of the circuit,
thereby reducing the overall conductance suppression due
to DCB48.
The above phenomenological expression for G requires
the knowledge of the ‘intrinsic’ conductance G∞, which is
inconvenient when this quantity is not available. This is
the case for the TLL predictions, due to the presence of a
high-energy cutoff in the theory, or in experimental situ-
ations such as in Ref. 44 where the conductor’s conduct-
ance changes significantly at high energy even in absence
of DCB. It is therefore useful to remark that the above
experimental finding can be recast as a scaling law relat-
ing the transmissions τ = RqG at two different energies
without involving G∞ (see Supplementary Note 3):
τ1/(1 − τ1)
τ2/(1 − τ2) = 1 +EB(Z,VDS1, T1)1 +EB(Z,VDS2, T2) , (2)
where τ1,2 ≡ G1,2Rq are the conductances, in units of con-
ductance quantum, of the same single-channel quantum
conductor in presence of DCB at the generator bias
voltages VDS1 and VDS2, and at the temperatures T1 and
T2.
A direct test of the scaling is displayed Fig. 4a, where
the data obtained at T = 17 mK for a wide range of
G∞, from near tunnel to near full transmission, are re-
cast following the above scaling law with a fixed ref-
erence voltage VDS2 = 9kBT . We observe that all the
data corresponding to a given series resistance R ∈{Rq/2,Rq/3,Rq/4} fall on top of each other, following the
same black continuous line calculated with Eq. 2 without
fit parameters. Note that we display only the data points
on voltage ranges for which the separately measured en-
ergy dependency of the conductance in the absence of
DCB is small (see Methods and Supplementary Note 4).
5Note also that for these series resistances, heating effects
due to the voltage bias are negligible (see Supplementary
Note 5).
In Figure 4b, we make use of the scaling law for the
R = 6.3 kΩ series resistance’s sample by taking as a refer-
ence point the QPC conductance at T = 80 mK (dashed
vertical line), which is high with respect to mismatches
between electronic and mixing chamber temperatures,
and low regarding temperature dependencies of the ‘in-
trinsic’ transmission. We find that the measured con-
ductances (symbols) plotted versus temperature obey the
scaling law prediction of Eq. 2 (continuous lines) without
any fit parameters and for a wide range of QPC tunings.
Note that the discrepancies below 40 mK are possibly due
to a higher electronic temperature for this set of data.
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Figure 5: Carbon nanotube resonant level in a resistive
environment.(a), Symbols: zero-bias conductance of the carbon
nanotube single-channel resonant level plotted versus temperat-
ure (data extracted from Figure 4a in Ref. 44), with each type
of symbols corresponding to a different energy of the resonant
level (tuned with a plunger gate, unity transmission corresponds
to the Fermi energy44). Continuous lines: predictions calculated
essentially without fit parameters with Eq. 2 using R = 0.75Rq,
C = 0.07 fF and a reference temperature T = 80 mK indicated by
a dashed line. (b), The zero-bias relative conductance suppression
at T = 50 mK with respect to the maximum conductance (extrac-
ted from the data shown in Fig. 2b of Ref. 44) is shown as open
symbols for different tunings of the resonant level position. The
same data is plotted as circles versus the maximum conductance
Gmax (○) and as squares versus the conductance at T = 50 mK (◻).
Note that the appearance of two distinct curves, most visible when
plotted versus Gmax, corresponds to the two sets of data obtained
by shifting the resonant level in opposite direction from the Fermi
energy. The straight dashed line is a guide for the eye.
Comparison with a carbon nanotube resonant
level. The conductance suppression for a single-channel
quantum conductor inserted into a dissipative environ-
ment was recently measured on a markedly different
physical system than in the present work, namely a reson-
ant level within a carbon nanotube in series with on-chip
resistances44,45. The fact that the resonant peaks are
wide, much more than the temperature broadening44,
implies that the energy associated with the dwell time
across the nanotube is large with respect to temperat-
ure. According to the scattering approach49–51, such a
resonant level realizes at low temperatures a short single-
channel quantum conductor whose apparent complexity
can be encapsulated in its ‘intrinsic’ transmission prob-
ability. In Ref. 44, the single-channel quantum conductor
was tuned in-situ by adjusting the position of the reson-
ant level with respect to the Fermi energy and by chan-
ging the symmetry of its coupling to the two connected
leads. As in the present work and in Ref. 43, the authors
of Refs 44,45 found that the conductance through the
resonant level is strongly reduced at low temperatures
only when it is tuned away from full transmission (the
unitary limit) G ≃ e2/h.
Here, we first compare the full temperature depend-
ent conductance measured in Ref. 44 (symbols in Fig. 5a
correspond to the data of Fig. 4a in Ref. 44) with the
prediction of the phenomenological scaling law Eq. 2 cal-
culated essentially without fit parameters (continuous
lines). The calculations are performed using the series
resistance R = 0.75Rq given in Ref. 44, assuming a small
parallel capacitance C = 0.07 fF (there is little effect for
realistic values C ≲ 0.1 fF), and using T2 = 80 mK as the
reference temperature. We find a reasonable agreement
between data and phenomenological scaling law Eq. 2 at
low enough temperatures such that the symmetric reson-
ant level aligned with the Fermi energy (●) is perfectly
transmitted. At higher temperatures, the conductance
reduction in the symmetric case at the Fermi energy sig-
nals a transition toward either the sequential tunneling
regime44 or the long dwell-time regime with energy de-
pendent transmissions45, where the phenomenological ex-
pression Eq. 2 for short quantum conductors does not
hold. Comparisons between the phenomenological scal-
ing law Eq. 2 and the other data in Ref. 44, as well as
those in the new preprint Ref. 45, are available in Sup-
plementary Note 6.
To expand further on the link with the present work,
we plot in Fig. 5b the relative conductance reduction
at T = 50 mK with respect to the maximum conduct-
ance Gmax measured at the same gate voltage (extracted
from Fig. 2b of Ref. 44). The similarity with Fig. 3 is
striking: whereas the relative conductance suppression
plotted versus Gmax is markedly convex, it is close to a
straight line when plotted as a function of G(T = 50 mK).
Note that the discrepancy with a perfect linear behavior
could be attributed to difference between Gmax and the
‘intrinsic’ conductance G∞.
Generalized mapping to a Tomonaga-Luttinger li-
quid. The problem of a single-channel quantum con-
ductor in a purely dissipative linear circuit, characterized
by the series resistance R, can be mapped to that of a
TLL of Luttinger interaction coefficient 1/(1 +R/Rq)19.
Remarkably, it can be shown that a frequency depend-
ent circuit impedance corresponds to the more general
problem of a 1D conductor with finite-range electron-
6electron interactions (see Supplementary Note 7). In the
low energy limit, this more general model is known to
reduce to a conventional TLL model with short-range
interactions6. Similarly, we establish here that realistic
circuits with a high-frequency cut-off, e.g. capacitive as
in Fig. 1a, can be mapped to a TLL.
More specifically, we consider the impact of the next
orders in the Taylor series for the real part of a fre-
quency dependent series impedance Re[Z(ω)] = R +∑∞n=1Rn (ω/ωZ)n, where ωZ is the radius of convergence
of the Taylor series expansion. As detailed in Supple-
mentary Note 7, the electromagnetic environment shows
up in the effective bosonic action, describing the electrical
transport across the quantum conductor, as an additional
quadratic term proportional to Re[Z(ω)]∣Qˆ(ω)∣2, where
Qˆ(t) is a bosonic field identifiable as the transferred
charge. Then, by power counting arguments, we find
that the leading term R∣Qˆ(ω)∣2 is most relevant at low-
energy scales. Consequently this problem is described by
the same action as for an impurity in a TLL. Note that
the mapping applies provided the energy scales kBT and
eVDS remain small compared to min[h̵ωZ, h̵ωF]. Here,
h̵ωF is a TLL cutoff that delimits both the validity of
the short single-channel conductor approximation (lim-
ited by the finite dwell-time across the conductor and
the energy barrier separating additional electronic chan-
nels) and of the linearization of the energy spectrum in
the leads.
Theoretical derivation of the phenomenological
scaling law. First, for purely dissipative circuits char-
acterized by a small series resistance Z(ω) = R≪ Rq but
beyond the limit of weak conductance suppression, it was
predicted both using a renormalization group approach38
and exploiting the mapping to TLL19,35 that the energy
dependent single-channel conductance G = τ/Rq obeys
the out-of-equilibrium flow equation (kBT ≪ eVDS):
d τ(VDS)
d logVDS
= 2R
Rq
τ(VDS)[1 − τ(VDS)]. (3)
This equation can be integrated between the applied gen-
erator voltages VDS1 and VDS2, which results in the same
expression as the proposed phenomenological scaling law
Eq. 2 for the corresponding limit of a purely dissipat-
ive circuit at T = 0 (in which case21–25,52 (1 + EB) ≡
limG∞→0G/G∞ ∝ V 2R/RqDS ):
τ(VDS1)/[1 − τ(VDS1)]
τ(VDS2)/[1 − τ(VDS2)] = (VDS1VDS2 )2R/Rq . (4)
Remarkably, we find here, using the thermodynamic
Bethe ansatz solution of the impurity problem in a TLL
at kBT ≪ eVDS47, that the same flow equation 3 and,
consequently, the phenomenological scaling law Eq. 2 are
obeyed beyond the limit R≪ Rq: as detailed in Supple-
mentary Note 8, we obtain the flow equation 3 exactly
at R = Rq within the full generalized validity domain of
Figure 6: Comparison TLL universal conductance
curve-phenomenological scaling law-data for R = Rq/4,
beyond the theoretically established validity of the phenomen-
ological scaling law. Red dashed line: universal conductance
scaling curve GTLL(VDS/VB) computed from the TLL thermo-
dynamic Bethe ansatz solution at T = 046,47 (see also Supple-
mentary Note 8). Black straight line: conductance GPE pre-
dicted by the phenomenological scaling law given by Eq. 4 for
a pure series resistance at T = 0. The full conductance curve
GPE(VDS/VB) was calculated using the single reference point
GPE = GTLL at VDSref/VB = 0.0005. Symbols: four data sets
measured at T = 17 mK in the presence of a series resistance
R = Rq/4. The corresponding scaling voltages VB = 330 µV
(◻), 40 µV (○), 8 µV (△) and 0.6 µV (▽) are obtained by
matching GTLL(VDSref/VB) with the conductance measured
at the reference point VDSref = 9kBT ≃ 13 µV (note that a
better agreement data-phenomenological scaling law would
have been obtained using instead GPE(VDSref/VB)). Inset:
relative deviations of the conductance calculated using the
phenomenological expression Eq. 2 with respect to the uni-
versal conductance scaling curve (GPE −GTLL)/GTLL.
the mapping (eVDS below min[h̵ωZ, h̵ωF]). Note that for
R = Rq, corresponding to a Luttinger interaction coeffi-
cient K = 1/2, the same conclusions can be reached by an
alternative theoretical approach referred to as the refer-
mionization procedure53–55. We also obtain Eq. 3 for ar-
bitrary values of R in the low VDS limit corresponding to
small values of the suppressed transmission τ(VDS) ≪ 1
(even if the corresponding τ∞ is close to unity).
Direct conductance comparison TLL-
phenomenological scaling law. Now that the
validity of the proposed phenomenological scaling law
Eq. 2 is theoretically established in the three different
limits τ(VDS) ≪ 1, R ≪ Rq and R = Rq, we confront its
predictions at intermediate values of R with numerical
evaluations of the exact TLL universal conductance
curve.
In figure 6, we display such a comparison for the in-
termediate series resistance R = Rq/4 on the full range
7of single-channel conductances. The out-of-equilibrium
(kBT ≪ eVDS) TLL prediction for the conductance in
the presence of an impurity follows a universal scaling
curve GTLL(VDS/VB), with VB a scaling voltage encap-
sulating the impurity potential. As detailed in Supple-
mentary Note 8, this conductance can be numerically
computed using the exact thermodynamic Bethe ansatz
solution46,47 (red dashed line in Fig. 6). Although the
conductance curve depends on the TLL interaction coef-
ficient K = 1/(1+R/Rq), it is universal in the sense that
the same curve applies for an arbitrary local impurity.
Note that there is no universal relation between VB and
the ‘intrinsic’ transmission probability τ∞ of the corres-
ponding DCB problem. For instance, such a relation
would depend on the specific high-frequency behavior of
Z(ω). The conductance predicted by the phenomenolo-
gical scaling law Eq. 2 is shown as a continuous black
line in Fig. 6. In the corresponding limit of a pure series
resistance Z(ω) = Rq/4 at kBT ≪ eVDS, it takes the
simple analytical form given by Eq. 4. The single ref-
erence point used in the phenomenological scaling law is
the TLL conductance prediction at a very low voltage
bias VDSref/VB = 0.0005, where it is theoretically estab-
lished that both predictions match. Note that there is
no need to fix the scaling voltage VB here since only the
voltage ratio with respect to VDSref is needed in Eq. 4.
We find a good quantitative agreement between TLL
and phenomenological scaling law predictions on the full
range of bias voltages and conductances, with relatively
small deviations appearing at large bias voltages (≲ 5 %,
see inset of Fig. 6). This good agreement corroborates
the predicted mapping DCB-TLL. It is noteworthy that
the phenomenological scaling law Eq. 2 encompasses ar-
bitrary linear circuit impedances Z(ω), beyond the limit
of a series resistance Z(ω) ≃ R, suggesting a possible
generalization of the TLL predictions.
Experimental test of the predicted mapping TLL-
DCB at R = Rq/4. The most straightforward experi-
mental test consists in the direct comparison of the con-
ductance data with the universal conductance scaling
curve GTLL(VDS/VB). Figure 6 displays such a compar-
ison for the series resistance R = Rq/4. Four data sets
of the conductance measured at T = 17 mK, each corres-
ponding to a different tuning of the QPC embedded in
the same R = Rq/4 environment, are shown as symbols.
For each data set, the value of VB is fixed by matching
the measured conductance at a single arbitrary reference
voltage VDSref = 9kBT ≃ 13 µV with the TLL predic-
tion for the conductance GTLL(VDSref/VB). This gives
VB = 330 µV (◻), 40 µV (○), 8 µV (△) and 0.6 µV (▽).
Note first that the lowest voltage in each data set corres-
ponds to approximately 3kBT /e, thereby minimizing the
effect of the finite experimental temperature. Note also
that the highest voltage in each data set VDS ≈ 65 µV
is smaller than h/eRC ≈ 300 µV, which limits the con-
tribution of the experimental short-circuit capacitance
C ≃ 2 pF to the series impedance Z(ω) ≃ Rq/4.
We observe that the conductance data closely obey
the TLL predictions over the full range of single-channel
conductances and over four order of magnitudes of
VDS/VB. This observation constitutes a direct experi-
mental demonstration that the transport across a single-
channel quantum conductor embedded in a dissipative
environment can be mapped onto collective Tomonaga-
Luttinger liquid behaviors.
Discussion
The present work is at the crossroad of two seem-
ingly distinct phenomena namely, on the one hand, the
Tomonaga-Luttinger physics of interacting 1D conduct-
ors and, on the other hand, the different set of quantum
laws of electricity when distinct quantum coherent con-
ductors are assembled into a circuit. By advancing and
confronting both the experimental and theoretical as-
pects, we have established the predicted link between
these two phenomena for the basic class of mesoscopic
circuits constituted by a short single-channel quantum
conductor in series with a linear resistance. This opens
the path to using electronic circuits as test-beds for Lut-
tinger physics, and also advances our understanding of
the quantum laws of electricity through the powerful
TLL theoretical framework. In particular, important in-
sight may be obtained in the investigation of the dir-
ect link between suppressed conductance and quantum
shot noise, that is expected to hold even in the regime
of strong conductance suppression19,38 (see also Supple-
mentary Note 9). An important outcome of the present
work is that we strongly consolidate, delimit the validity,
and grasp the significance of the generalized phenomen-
ological expression Eq. 1 for the conductance of an ar-
bitrary short quantum channel in a linear environment.
From an experimental standpoint, its validity is demon-
strated for a wide range of circuit impedances, and is
found in good agreement with the data of Refs 44,45
obtained on a different physical system, a carbon nan-
otube resonant level. From a theoretical standpoint, the
equivalent scaling law Eq. 2 is derived for the suppressed
conductance in various limits, in particular for a series
resistance R = Rq. We also find that relatively small de-
viations exist in intermediate regimes. These results are
not only of fundamental importance; the knowledge of
the different quantum laws of electricity with coherent
conductors has also direct implications for the quantum
engineering of future nanoelectronic devices.
Methods
Measured samples. The samples are nanostruc-
tured by standard e-beam lithography in a 94 nm deep
GaAs/Ga(Al)As two-dimensional electron gas of density
2.5 × 1015 m−2 and mobility 55 m2V−1s−1.
Experimental setup. The measurements were per-
formed in a dilution refrigerator with a base temperat-
ure of T = 16 mK. All measurement lines were filtered
by commercial pi-filters at the top of the cryostat. At
8low temperature, the lines were carefully filtered and
thermalized by arranging them as 1 m long resistive twis-
ted pairs (300 Ω/m) inserted inside 260 µm inner dia-
meter CuNi tubes, which were tightly wrapped around
a copper plate screwed to the mixing chamber. The
samples were further protected from spurious high en-
ergy photons by two shields, both at the mixing chamber
temperature.
Measurement techniques. The differential conduct-
ance measurements were performed using standard lock-
in techniques at frequencies below 100 Hz. To avoid
sample heating, the AC excitation voltages across the
sample were smaller than kBT /e. The sample was cur-
rent biased by a voltage source in series with a 10 MΩ or
100 MΩ polarization resistance. The bias current applied
to the drain was converted on-chip into a fixed VDS, inde-
pendent of the QPC conductance, by taking advantage of
the well defined quantum Hall resistance to ground of the
drain electrode (Rq/n at filling factor ν = n). Similarly,
the current across each component (QPCs, switches) is
obtained by converting the voltage measured with the
amplifiers represented as triangles in Figure 1 using the
Rq/n quantum Hall resistance. The conductances of the
QPC, switch and series chromium wires or series QPC
were obtained separately by three point measurements.
For all the samples, we used cold grounds directly con-
nected to the mixing chamber of the dilution refrigerator.
Test of the small ohmic contacts. The electrical
connection between the small ohmic contact (labeled OC
in article Fig. 1b) and the buried 2D electron gas was
tested with both the QPCs and the switches set in the
middle of the very large and robust conductance plateau
G = 2/Rq. Assuming that the two outer edge channels are
fully transmitted across QPCs and switches, and that the
inner channels are fully reflected, we find for all samples
that the reflection of each of the two outer edge channels
on the small ohmic contact is smaller than 0.01.
Energy dependences of the ‘intrinsic’ conduct-
ance. A coherent conductor may present energy de-
pendences in its ‘intrinsic’ conductance G∞ associated
with e.g. a finite dwell time. In the case of QPCs these
often result from nearby defects. These energy depend-
ences add up with the DCB energy dependence, which
makes the extraction of the DCB signal as a function
of voltage and temperature more difficult. In Supple-
mentary Note 4, we illustrate the energy behavior of
the QPCs with the electromagnetic environment short-
circuited and explain how we deal with the energy de-
pendences of G∞ in the present work.
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Supplementary Figure S1: Extraction of the ‘intrinsic’ conductance G∞. (a) QPC conductance versus the switch
voltage VSW for the R = 6 kΩ sample. (b) QPC conductance versus the DC voltage V for the R = 80 kΩ sample.
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Supplementary Figure S2: Energy dependences of the ‘intrinsic’ conductance. (a) QPC conductance versus QPC
DC voltage V for the R = 80 kΩ sample. The horizontal lines are the ‘intrinsic’ conductance measured at V = 0. (b) Symbols:
QPC conductance versus QPC DC voltage V for the Rq/2 sample. Full symbols: points that were kept for plotting the scaling
law of article figure 4a. Error bars are statistical errors deduced from 18 measurements. The horizontal lines are the ‘intrinsic’
conductances measured at V = 0.
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Supplementary Figure S3: Effect of heating at finite bias. Continuous lines: calculated conductance G = dI
dV
without taking
into account heating effect, using τ∞ = 0.23, C = 2 fF, T = 25 mK and either R = 80 kΩ (bottom line) or R = Rq/2 (top line). Dashed
lines : calculated conductance including heating effects with the simple model in the supplementary information of [43].
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Supplementary Figure S4: Carbon nanotube resonant level in a resistive environment. (a) Symbols: Zero bias conductance
of the carbon nanotube single-channel resonant level plotted versus temperature (data extracted from Figure 3a in [44]), with each
type of symbols corresponding to different degrees of asymmetry. Continuous lines: predictions calculated without fit parameters with
supplementary Eq. S3 using R = 0.75Rq, C = 0.07 fF and as reference points the conductances measured at Tref = 80 mK. (b) Symbols:
Zero bias conductance of the carbon nanotube single-channel resonant level, tuned to a symmetric coupling with the dissipative leads,
plotted versus ∆Vgate, the variation in the plunger gate voltage controlling the energy of the resonant level with respect to the center
of the peak (data extracted from Figure 2b in [44]). Each type of symbols corresponds to a different temperature. Continuous lines:
predictions calculated without fit parameters with supplementary Eq. S3 using R = 0.75Rq, C = 0.07 fF, and as reference points the
measured G(∆Vgate, Tref = 0.4 K).
3Supplementary Figure S5: Carbon nanotube resonant level in a resistive environment. Symbols: Conductance of the
carbon nanotube single-channel resonant level plotted versus voltage (data extracted from Figure S1 in the supplementary information of
[45]), with each type of symbols corresponding to a different tuning of the single-channel resonant level. In the left panel, the single-channel
was tuned by changing the asymmetric coupling to the dissipative leads, with the resonant level remaining at the Fermi energy. In the
right panel, the single-channel was tuned by changing the position of the resonant level coupled symmetrically to the dissipative leads.
Continuous lines: predictions calculated essentially without fit parameters with supplementary Eq. S3, using R = 0.75Rq, C = 0.07 fF,
T = 50(45) mK for the left (right) panel, and using as a reference point in supplementary Eq. S3 the conductance measured at zero bias
voltage.
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Supplementary Figure S6: Schematic circuit considered in the mapping to TLL.
4II. SUPPLEMENTARY NOTES
Supplementary Note 1: Extraction of the ‘intrinsic’ conductance of the quantum
coherent conductor
To extract the conductance reduction of the quantum coherent conductor due to dynamical Coulomb blockade
(DCB), shown on the article Figure 3, one needs to extract its ‘intrinsic’ conductance (i.e. the conductance G∞ in
absence of DCB.) Two methods were used for the QPC : we either assign G∞ to the conductance measured with
the dissipative environment short-circuited using the switch, or to the conductance measured at a large bias voltage
where DCB corrections are small (typically in the range 50− 100 µV). Both methods have advantages and drawbacks
detailed in this note.
Supplementary figure S1 illustrates the two different methods. In the ‘switch method’ (left panel), the gate voltage
VSW controlling the switch is modified in order to close it. For VSW < −0.8 V, the switch is opened: no edge channel
is transmitted across the switch, and the DCB is fully developed. For VSW ∈ [−0.4,−0.3] V, the switch is closed,
thus short circuiting the environment: the two outer edge channels are fully transmitted across the switch, and the
QPC displays a fixed conductance taken as G∞. Note that it is necessary to fully open two channels to recover the
‘intrinsic’ conductance: as seen in supplementary Fig. S1a, the conductance corresponding to one transmitted channel
across the switch (intermediate plateau) remains smaller than that measured with two open channels. We do not
observe such a difference when a third channel is transmitted across the switch. As discussed in [43], this could be
related to the non-negligible charging energy e2/2C ∼ 40 µeV with respect to the Zeeman splitting EZ ∼ 70 µeV. In
the widespread ‘large bias voltage method’ (right panel), the DC voltage V across the QPC is increased. We simply
assume that at large V the DCB corrections are small and therefore that the conductance converges toward a value
taken as G∞. Note that the two methods generally yield similar results, as shown in Figure 2 of [43].
Now we compare the advantages and drawbacks of both methods. The ‘large bias voltage method’, generally used
to infer DCB signal, is also sensitive to possible energy dependences in the ‘intrinsic’ conductance of the quantum
coherent conductor (see supplementary note 4). Moreover, heating related to the current flow at large bias voltage
and in presence of a large series resistance increases further the voltages for which the ‘intrinsic’ conductance is
recovered. The ‘switch’ method, by just short-circuiting the environment at zero bias voltage avoids these spurious
effects. Yet it requires to modify the potential on gates close to the studied QPC: due to capacitive coupling between
the gates and the 2DEG, the QPC is slightly modified. The capacitive cross-talk is compensated for by changing
simultaneously the voltage VQPC (applied to the metal split gate controlling the QPC, see article Fig. 1) by an amount
proportional to VSW. The proportionality coefficient is calibrated separately: it is adjusted to a fixed value for which
the QPC conductance does not change when sweeping VSW on the switch conductance plateaus at GSW = 0 (resistive
environment) and GSW = 2/Rq (short-circuited environment). On some samples, such as the one with the series
resistance 80 kΩ, the compensation requires second order corrections and was not perfect. In this R = 80 kΩ sample,
as well as for the series resistance Rq/2 and Rq/3, we infer G∞ from the large bias voltage values. In practice, we use
the average of the asymptotic conductance extracted at large negative and positive voltages.
5Supplementary Note 2: Bias voltage dependence in the proposed phenomenological
expression for the conductance of a single-channel embedded in a linear environnement
In the article (article Eq. 1), we have proposed the following phenomenological expression for the differential
conductance G ≡ dI/dV of a short single-channel of ‘intrinsic’ conductance G∞ embedded in a linear environment
characterized by the series impedance Z(ω) (any linear environment can be described as a series impedance and a
voltage source as displayed on supplementary Fig. S6):
G(G∞, Z, VDS, T ) = G∞ 1 +EB(Z,VDS, T )
1 +RqG∞EB(Z,VDS, T ) , (S1)
where EB ≡ limG∞→0 G−G∞G∞ is the relative conductance suppression for a single channel in the tunnel regime embedded
in the same linear circuit. The quantity EB(Z,VDS, T ) can be calculated within the well-known DCB tunnel framework
[31].
Note that, strictly speaking, our experimental observation of a relative conductance suppression proportional to(1 − RqG) at zero DC bias voltage implies the above phenomenological expression at VDS ≈ 0. Because expected
heating effects at finite voltage bias limit our experimental accuracy, an ambiguity remains on whether one should
inject the generator bias voltage VDS or the QPC DC voltage V in the tunnel function EB in supplementary Eq. S1
(the conductance remains defined as G ≡ dI/dV , and not dI/dVDS). Such a distinction is only pertinent beyond the
tunnel limit and for series resistances R comparable or higher than Rq since otherwise VDS ≃ V .
In the present work, we use VDS in supplementary Eq. S1 since with this choice we obtain a perfect agreement
with the TLL predictions at R = Rq. In contrast, in the previous work [43] we chose the single-channel DC voltage
V and explained by a plausible heating (not taken into account in supplementary Eq. S1) the deviations observed at
intermediate bias voltages for relatively high conductances (G∞ ≳ 0.5/Rq) in series with a large resistance R = 26 kΩ
(see section II.C in the supplementary information of [43]). Note that using the generator bias voltage VDS instead of
V in supplementary Eq. S1, as done in the present work, reduces the previously observed deviations between data and
the proposed phenomenological expression at intermediate bias voltages (deviations when using V in supplementary
Eq. S1, instead of VDS, are shown in supplementary Fig. 4 of [43]).
6Supplementary Note 3: Phenomenological expression for the single-channel conduct-
ance using an arbitrary reference point
The phenomenological expression supplementary Eq. S1 for the single-channel conductance can be straightforwardly
recast as a phenomenological scaling law that does not involve necessarily G∞ but an arbitrary reference point (as
first pointed out to us by Y. Nazarov):
τ1/(1 − τ1)
τ2/(1 − τ2) = 1 +EB(Z,VDS1, T1)1 +EB(Z,VDS2, T2) , (S2)
where τ1,2 ≡ G1,2Rq are the conductances, in units of conductance quantum, of the same single-channel quantum
conductor in presence of DCB at the different generator bias voltages VDS1 and VDS2, and at the different temperatures
T1 and T2.
Below, we recast this second formulation (the phenomenological scaling law supplementary Eq. S2) into the expres-
sion of the suppressed conductance of a single-channel coherent conductor embedded in a linear environment using an
arbitrary reference point (which could be different from the asymptotic G∞). Knowing the series impedance Z(ω) of
the surrounding linear circuit, the single-channel conductance τref at an arbitrary reference point (VDSref , Tref) allows
one to calculate the full voltage VDS and temperature T dependences of the single-channel conductance:
τ(Z,VDS, T ) = τref (1 +EB(Z,VDS, T ))
1 +EB(Z,VDSref , Tref) + τref × (EB(Z,VDS, T ) −EB(Z,VDSref , Tref)) . (S3)
Note that the original expression supplementary Eq. S1 corresponds to the limit of a high-energy reference point (at
T,V →∞, τref → RqG∞ and EB → 0).
The above formula supplementary Eq. S3 was used in the article Fig. 4b and article Fig. 5a with a reference point
taken at T = 80 mK in both cases.
7Supplementary Note 4: ‘Intrinsic’ energy dependences in the conductance across a
quantum point contact
A coherent conductor may present energy dependences in its ‘intrinsic’ conductance G∞ associated with e.g. a
finite dwell time. In the case of QPCs these often result from nearby defects. These energy dependences add up with
the DCB energy dependence in presence of the electromagnetic environment, which makes the extraction of the DCB
signal as a function of voltage and temperature more difficult. In this note, we illustrate the energy behavior of the
QPCs with the electromagnetic environment short-circuited and explain how we deal with the energy dependences of
G∞ in the present work.
The energy dependences of QPCs are usually attributed to defaults in the 2DEG close to the QPC which result
in undesired resonances. To minimize such energy dependences, one can tune the magnetic field value within the
same quantum Hall plateau or play with the two gate voltages applied to the metal split gates controlling the QPC.
Supplementary figure S2 illustrates the kind of voltage dependences measured in the two extreme representative
samples with the series resistance 80 kΩ and Rq/2. Note that to access G∞ in absence of DCB, the two outer edge
channels are here fully transmitted across the switch.
For the R = 80 kΩ sample (supplementary Fig. S2a), the variations in RqG∞ remain smaller than 0.02. For the
Rq/2 sample (supplementary Fig. S2b), energy dependencies are rather important at high voltages. When plotting
the rescaled curves in the article figure 4a, voltage values where the ‘intrinsic’ conductance was different from the
measured conductance at V = 0 by more than the statistical error bars were not taken into account (open symbols in
supplementary Fig. S2b are excluded for the comparison with the scaling law shown in article Fig. 4a).
Note that temperature dependences of the QPC ‘intrinsic’ conductance also appear at temperature larger than
0.2 K. This could explain the relatively small discrepancies between data and predictions at higher temperatures in
article Fig. 4b.
8Supplementary Note 5: Heating effects at finite bias
This note deals with the effect of heating on the suppressed conductance. At low temperature phonons are inef-
ficient to evacuate from the electronic fluid the heat injected locally. Furthermore, the presence of series resistors
comparable to the resistance of the QPC impedes the electronic heat currents toward the cold reservoirs (drain,
source). Consequently, there are no easy escape paths for the injected Joule power. This results in an increase of the
electronic temperature at finite bias voltage that is not taken into account in article Eq. 1 (supplementary Eq. S1).
A simple approach based on the Wiedemann-Franz law and neglecting dissipation through phonons was developed
in the supplementary information of [43] in order to take into account heating. Using this approach, we infer that
heating is significant at intermediate bias voltages for the R = 80 kΩ sample but negligible for a sample with a
chromium resistance of value Rq/2 as illustrated on supplementary figure S3. The dashed lines represent the calculated
conductance as a function of the generator bias voltage VDS taking into account heating in the chromium resistance for
a transmission τ∞ = 0.23, a base temperature of 25 mK, a parallel capacitance of 2 fF and the two resistances values.
The continuous lines are the conductances calculated using article Eq. 1 (supplementary Eq. S1). As a consequence of
such heating, the data of the R = 80 kΩ sample do not obey the phenomenological scaling law supplementary Eq. S2
at intermediate bias voltages, contrary to the other samples.
9Supplementary Note 6: Supplementary comparison with results obtained on a carbon
nanotube resonant level embedded in a resistive environment [44, 45]
In this note, we further compare and discuss the predictions of the scaling law article Eq. 2 (supplementary Eq. S2)
with the results presented for the conductance of a carbon nanotube embedded in a dissipative environment measured
in [44] and [45].
Equilibrium data (V ≈ 0) [44].
In article Fig. 5a, we compared the data obtained in [44] by changing the energy of the carbon nanotube single-
channel discrete level (data shown in Fig. 4a of [44]). On supplementary Fig. S4a, we perform the same comparison
but with the data of [44] obtained by tuning the symmetry of the coupling between the nanotube and the leads
(data shown in Fig. 3a of [44]). Importantly, as in the article, the predictions derived from the phenomenological
expression supplementary Eq. S3 (continuous lines) are computed quantitatively essentially without any fit parameters.
The calculations are performed using the series resistance R = 0.75Rq [44], assuming a small parallel capacitance
C = 0.07 fF (there is little effect for realistic values C ≲ 0.1 fF) and using the conductance measured at Tref = 80 mK
as the reference point in supplementary Eq. S3.
We find a reasonable agreement between data and phenomenological expression supplementary Eq. S3 at low enough
temperatures such that the symmetric resonant level (∎) is perfectly transmitted. Note that the conductance reduction
that appears in the symmetric case at higher temperatures signals a transition toward either the sequential tunneling
regime [44] or the long dwell-time regime with energy dependent transmissions [45], where the phenomenological
expression supplementary Eq. S3 for short quantum conductors does not hold.
On supplementary figure S4b, to further test the proposed phenomenological expression supplementary Eq. S3, we
confront in the case of a symmetric coupling to the dissipative leads the resonant lineshapes at different temperatures
(measured as a function of the plunger gate voltage controlling the energy of the discrete level, data of Figure 2b in [44]
shown as symbols in supplementary Fig. S4b) with the predictions of supplementary Eq. S3 (lines). The quantitative
predictions of supplementary Eq. S3 are obtained using the characterized environment (R = 0.75Rq and C = 0.07 fF)
and using as reference points the data at Tref = 0.4 K.
Out-of-Equilibrium data [45].
In [45], non-equilibrium effects are investigated on the same system by applying a voltage bias to the nanotube.
The proposed phenomenological expression supplementary Eq. S1 also accounts for non-equilibrium conductances.
On supplementary Fig. S5, we compare the data of Fig. S1 in [45] with the prediction of supplementary Eq. S3.
The calculations (lines in supplementary Fig. S5) are performed using the series resistance R = 0.75Rq [44], assuming
a small parallel capacitance C = 0.07 fF, and using as a reference point in supplementary Eq. S3 the conductance
measured at zero voltage bias (VDSref = 0). The temperatures are set to T = 50 mK for the left panel displaying
data obtained for different coupling asymmetries, and to T = 45 mK for the right panel displaying data obtained
with a symmetric coupling but different energies of the discrete level [45]. Importantly, the predictions derived from
the phenomenological scaling law are computed with the temperature as the only fit parameter. The value 50 mK
corresponds to the indicated temperature in the article [45] but the data in the symmetrically coupled case (right
panel), being sharper, require the slightly smaller temperature T = 45 mK to be accounted for. We find a reasonable
agreement between data and the phenomenological expression supplementary Eq. S3. Note that the conductance
decrease observed above 20 µV close to G ≃ 1/Rq signals a transition toward either the sequential tunneling regime
[44] or the long dwell time regime with energy dependent transmissions [45], where the phenomenological expression
supplementary Eq. S2 for short quantum conductors does not hold.
Comparison with the renormalization group result of [56, 57], which was found consistent with the
equilibrium scaling law observed by Mebrahtu et al. [45].
Mebrahtu and coauthors observed in [45] that, below 400 mK, the temperature dependence of the conductance
data obtained when tuning the discrete level out-of-resonance could be recast as a function of the single parameter
∆Vgate/TR/(R+Rq), where ∆Vgate is the variation of the plunger gate voltage controlling the energy of the discrete
level (see Fig. 4a in [45]). They obtained a good fit of the low temperature data (see Fig. 4a in [45]) assuming the
conductance obeys the following expression (Eq. 2 in [45]):
T(∆Vgate)1+Rq/R ∝ τ
Rq
2R(1 − τ)R+Rq2R
¿ÁÁÀ1 + τR/Rq
1 +R/Rq . (S4)
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The above expression is inspired by the renormalization group result obtained by [56, 57] within the TLL framework.
The approximate result of Aristov and Wo¨lfe was derived for an arbitrary Luttinger interaction coefficient K =
1/(1 +R/Rq), corresponding to purely dissipative environnements characterized by a series resistance R of arbitrary
value [19], and for arbitrary renormalized transmissions τ(T ). It reads (Eq. 66 in [57]):
T
Tref
= ( τ
τref
)Rq2R (1 − τref
1 − τ )
R+Rq
2R ( 1 + τR/Rq
1 + τrefR/Rq )
4c3
2
, (S5)
with c3 a non universal parameter depending on cutoff choices, and τref(Tref) the initial condition. According to
Aristov and Wo¨lfe [56, 57], c3 = 1/4 provides the best fit of the exact thermodynamic Bethe ansatz solution at R = Rq.
We now directly compare the renormalization group result of Aristov and Wo¨lfe (supplementary Eq. S5) with
the proposed phenomenological scaling law supplementary Eq. S2. Assuming a purely dissipative environnement
Z(ω) = R, zero DC bias and the reference point τref(Tref), supplementary Eq. S2 reads:
T
Tref
= ( τ
τref
1 − τref
1 − τ )
Rq
2R
. (S6)
First note that these scaling laws (supplementary Eqs S5 and S6) match for R≪ Rq at arbitrary values of τ and τref ,
and also for {τ, τref} ≪ 1 at arbitrary values of R. In general, however, there are deviations. In particular at R = Rq,
for which the parameter c3 = 1/4 was adjusted to fit the exact thermodynamic Bethe ansatz solution [56, 57], and
where the proposed phenomenological scaling law supplementary Eq. S2 corresponds exactly to the thermodynamic
Bethe ansatz solution, the two scaling laws still deviate by the factor
√
1+τ
1−τ 1−τref1+τref . Note that, in most cases, this
discrepancy in the scaling laws at R = Rq does not result in large absolute differences on the calculated values of τ .
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Supplementary Note 7: Generalization of the mapping between a single channel in
series with a resistance and the problem of an impurity in a TLL
The considered situation is displayed in the schematic circuit supplementary Fig. S6.
The action describing quantum transport across a short single-channel quantum conductor can be written in terms of
a single local bosonic field denoted Qˆ(t) [19]. This bosonic field Qˆ(t) can be identified with the total charge transferred
across the conductor and therefore it is directly related to the current operator Iˆ(t) = ∂tQˆ(t). For simplicity we focus
here on the zero-temperature limit.
First in absence of the environment, the action describing transport across the single-channel conductor is the sum
of the two contributions of the leads (S0) and the single-channel conductor (SB) S = S0+SB. Within a linear spectrum
approximation, the leads contribution reads:
S0 = h̵
e2
∫ dω∣ω∣∣Qˆ(ω)∣2 . (S7)
Regarding the single-channel conductor action, following Kane and Fisher (Eq. 3.2 in [58]) (see also Fendley, Ludwig
and Saleur, Eq. 3.4 in [47]) a potential scatterer v(x) of arbitrary strength coupled to the electronic density and which
is nonzero only for x near zero, is described by the action:
SB = ∞∑
n=−∞∫ dt vBn e2ipinQˆ(t)/e , (S8)
where the coefficients vBn are proportional to the Fourier transform of v(x) at momenta given by n2kF, with kF the
fermi wave vector. It is a usual practice to neglect the terms at ∣n∣ ≥ 2 and use the following simplified single-channel
conductor action (see e.g. [19, 47], and also the supplementary references [58–60]):
SB = ∫ dt vB cos(2piQˆ(t)/e) , (S9)
where we have introduced the backscattering amplitude vB. Note first that the above simplified single-channel
conductor action is sufficient to emulate the full range of intrinsic transmission probabilities τ∞ ∈ [0,1], from τ∞ → 0 at
vB →∞ to τ∞ → 1 at vB → 0 (see e.g. [59] for a specific discussion regarding this point1). Note also that bosonization
is justified only below the energy cutoff h̵ωF that delimits the validity domain for both the short single-channel
conductor approximation (limited by the finite dwell time across the conductor and the energy barrier separating
additional electronic channels) and the linearization of the energy spectrum in the leads. For instance, with edge
states in the integer quantum Hall regime, ωF is limited at least by the cyclotron frequency.
We now introduce the coupling between the conductor and a series impedance: Qˆ(t)(VDS − uˆ(t)), where uˆ(t) is the
voltage drop across the impedance, and VDS the voltage imposed by the generator. This corresponds to the coupling
action:
Sc = ∫ dtQˆ(t)(VDS − uˆ(t)). (S10)
Finally, the time dependence of uˆ(t) is governed by the environmental gaussian action Suˆ. Using the fluctuation-
dissipation theorem, ∫ ∞−∞ eiωt ⟨uˆ(t)uˆ(0) + uˆ(0)uˆ(t)⟩ dt = 2h̵∣ω∣Re[Z(ω)], one obtains [61, 62]:
Suˆ = ∫ dω(2pi)2 ∣uˆ(ω)∣2∣ω∣Re[Z(ω)] . (S11)
Thus the total action reads S = S0+SB+Suˆ+Sc. By integrating out uˆ(t), one obtains an effective action for Qˆ(t) de-
scribing quantum transport across an arbitrary short single-channel conductor in series with any linear electromagnetic
1 This point can be further strengthen by two remarks: 1) a mapping toward the same TLL problem, with the same interaction parameter,
can be obtained by describing the single-channel quantum conductor with a tunnel Hamiltonian weakly connecting two semi-infinite 1D
wires [19]. 2) It can be shown using a renormalization group approach [58] that only the terms n2 < (1+R/Rq) in the full single-channel
conductor action (supplementary Eq. S8) are relevant at low energy for a Luttinger interaction coefficient 1/(1 +R/Rq). Consequently
for R < 3Rq and at low energy the supplementary Eqs S8 and S9 are effectively equivalent. This last statement is stronger than saying
that the simplified action supplementary Eq. S9 covers the full range of backscattering strengths. In general, supplementary Eqs S8 and
S9 are not exactly equivalent.
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environment characterized by an impedance Z(ω):
Seff = h̵
e2
∫ dω∣ω∣ (1 + Re[Z(ω)]
Rq
) ∣Qˆ(ω)∣2
+ SB + ∫ dt Qˆ(t)VDS. (S12)
In the limit of a purely dissipative environnement Z(ω) = R, this action corresponds precisely to the conventional
TLL model with the Luttinger interaction coefficient K = 1/(1 +R/Rq).
Remarkably, a frequency dependent circuit impedance Z(ω) corresponds to the more general problem of a 1D
conductor with finite range electron-electron interactions V (x). As shown in [63], a finite range electron-electron
interaction can be encapsulated into the action as a frequency dependent effective Luttinger interaction coefficient
K(ω) (see Eqs 6 and 7 in [63]). The exact same action is here derived for the corresponding circuit impedance given
by K(ω) = 1/(1 +Re[Z(ω)]/Rq). More specifically, we find along the lines of Giamarchi [2] that a circuit impedance
Z(ω) corresponds to a finite-range impurity potential that obeys (see Eqs 4.4, 10.44, and 10.46 in [2]):
1
1 + Re[Z(ω)]
Rq
= ∫ dq vF∣ω∣/pi
ω2 + q2v2F(1 + 2V (q)/pih̵vF) , (S13)
with V (q) the spatial Fourier transform of the interaction potential V (x) and vF the Fermi velocity.
We now assume that the environmental impedance can be expanded into power series of ω:
Re[Z(ω)] = R + ∞∑
n=1Rn (ω/ωZ)n , (S14)
where Re[Z(ω = 0)] = R and ωZ is the cutoff frequency (the convergence radius) of the Taylor series expansion,
which coincides with 1/RC for a RC circuit. Then we make the following crucial statement: by power counting,
one can argue that the higher order terms of the expansion, once injected into Seff (supplementary Eq. S12) yield
less relevant contributions compared to the term associated to R/Rq + 1. Thus one can replace Re[Z(ω)] by R in
supplementary Eq. S12, yielding a similar action to that for the impurity problem in a TLL with an interaction
parameter 1/(1 +R/Rq), provided one works at frequency scales below min{ωF, ωZ}.
We therefore established that the mapping remains valid in more realistic situations than purely dissipative envir-
onment, in presence of a high frequency cut-off in the environmental impedance.
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Supplementary Note 8: Exact solution for the out-of-equilibrium current compared to
the flow equation article Eq. 3
The mapping to a TLL allows to exploit the thermodynamic Bethe ansatz exact solution (see [46, 47] and the sup-
plementary reference [60]). We focus here on the out-of-equilibrium regime corresponding to kBT ≪ eVDS (including
finite temperature results in an involved integro-differential equation that can be solved numerically but not analyt-
ically). Following Fendley et al [46, 47], all the dependence on the backscattering amplitude (vB in supplementary
Eq. S9) is encoded into the voltage scaling parameter VB (VB in the present work corresponds to 2kBTB/e in [46, 47])2.
The average current I =< Iˆ > is written in terms of two power series that are different for the two regimes of high and
low energies:
I(VDS) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
e2 VDS
h(1 + r)
⎡⎢⎢⎢⎢⎣1 − 11 + r
∞∑
n=1an ( 11 + r)( eVDSkBT ′B )
−2nr
r+1 ⎤⎥⎥⎥⎥⎦
e2 VDS
h
∞∑
n=1an(1 + r)( eVDSkBT ′B )
2nr
,
(S15)
where the first (second) line corresponds to eVDS larger (smaller) than the crossover energy kBT
′
B e
∆ at which both
series match. Here r = R/Rq, T ′B is related to the widely used characteristic voltage VB via the following equation
T
′
B = eVBkB
√
pi(r + 1)Γ( 1
2
+ 1
2r
)
Γ( 1
2r
) , (S16)
and
∆ = 1
2
log(r) − 1 + r
2r
log(1 + r) . (S17)
The functions an(x) in supplementary Eq. S15 are given by:
an(x) = (−1)n+1 √piΓ(nx)
2Γ(n)Γ( 3
2
+ n(x − 1)) . (S18)
Note that the coherent conductor differential conductance G = dI/dV , with V the DC voltage across the single-
channel conductor, can be readily derived from I(VDS), with VDS the generator bias voltage: using V (VDS) = VDS −
RI(VDS), one obtains G(VDS) = Gtot(VDS)/(1 −RGtot(VDS)) with Gtot(VDS) = dI(VDS)/dVDS the total conductance
of the circuit.
Note also that the differential conductances G and Gtot only depend on the scaled voltage VDS/VB and on the
parameter r = R/Rq: the same universal function therefore covers the full range of ‘intrinsic’ transmission probability
τ∞ ∈ [0,1] by varying the scaling parameter VB from ∞ to 0. Interestingly, a similar conclusion can be reached using
a renormalization group analysis (see e.g. section IV in [20]).
The current-voltage relationship in the two limits of eVDS ≫ kBT ′B and eVDS ≪ kBT ′B are obtained by considering up
to first order the corresponding power series in supplementary Eq. S15 [64]. In the regime of suppressed transmission
(eVDS ≪ kBT ′B), the current reads [19]:
I(VDS) = e2 VDS
h
a1(1 + r)( eVDS
kBT
′
B
)2r . (S19)
Remarkably, this corresponds to the power law predicted for tunnel junctions within the P (E) theory [31], in agreement
with the phenomenological expression article Eq. 1. One can check directly that it verifies the flow equation article
Eq. 3 and the phenomenological scaling law for a series resistance R article Eq. 4.
2 In general, there is no universal relation between VB and the ‘intrinsic’ transmission probability τ∞. However, a useful approximate
expression is VB ∝ (1/τ∞ − 1)Rq/2R.
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Next, we consider the specific value R = Rq at which the series in supplementary Eq. S15 can be summed up to
obtain the analytical expression :
I(VDS) = VB
2Rq
[VDS
VB
− arctan(VDS
VB
)] , (S20)
which obeys exactly the flow equation article Eq. 3 and the phenomenological scaling law for a series resistance R
article Eq. 4.
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Supplementary Note 9: Relationship between conductance suppression and quantum
shot noise
Insight can be gained on the flow equation article Eq. 3 by recalling a fundamental link established between the DCB
and shot-noise. Qualitatively, the presence of shot-noise appears as a necessary ingredient to excite the electromagnetic
modes of the circuit, and therefore to the very existence of DCB. In its initial form, such a direct link was derived
theoretically in the perturbative limit of small series impedances [32, 33]: the reduction of the conductance due
to DCB was shown to be proportional to the intrinsic shot-noise of the conductor (i.e. the shot noise without the
environment). Nevertheless, such a perturbative relation led to a logarithmic divergence at low voltages. The mapping
to a TLL has allowed to propose a generalized and exact non-perturbative link for arbitrary values of R, obeyed at
all voltages within the domain of validity of the mapping [19]. Interestingly, in the particular case R = Rq where the
problem can be recast in that of free fermions with an energy dependent transmission τ(E), using a procedure called
refermionization (see e.g. [53-55] and the supplementary references [57, 65–67]), the above mentioned generalized link
with shot noise follows directly from the usual reduction factor (Fano factor) τ(E)(1 − τ(E)) of the Poisson noise.
Note that the thermodynamic Bethe ansatz solution for the noise at finite temperatures and voltages has previously
been compared to a similar scattering approach approximate expression [68]. At arbitrary values of R, one exploits
the thermodynamic Bethe ansatz solution for the out-of-equilibrium zero-frequency noise [46], which can be expressed
only in terms of the average current and the circuit differential conductance Gtot:
dGtot(VDS)
d logVDS
= 2R
eRq
dS(VDS)
dVDS
, (S21)
with S(VDS) = ∫ dt [⟨I(0)I(t)⟩− ⟨I(t)⟩2]. We stress here that the differential shot-noise is that in the presence of the
environment, and depends on both R and VDS. This relation is one example of a more general connection (see [19] and
the supplementary reference [69]) between higher order cumulants of the current. Thus even for a low resistance R,
supplementary Eq. S21 offers a non-perturbative link between DCB and noise, and describes the strong back-action
of the environment.
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